Listeria monocytogenes is a bacterial parasite that uses host proteins to assemble an Arp2/3-dependent actin comet tail to power its movement through the host cell. Initiation of comet tail assembly is more efficient in cytosol than it is under defined conditions, indicating that unknown factors contribute to the reaction. We therefore fractionated cytosol and identified CRMP-1 as a factor that facilitates Arp2/3-dependent Listeria actin cloud formation in the presence of Arp2/3 and actin alone. It also scored as an important factor for Listeria actin comet tail formation in brain cytosol. CRMP-1 does not nucleate actin assembly on its own, nor does it directly activate the Arp2/3 complex. Rather, CRMP-1 scored as an auxiliary factor that promoted the ability of Listeria ActA protein to activate the Arp2/3 complex to trigger actin assembly. CRMP-1 is one member of a family of five related proteins that modulate cell motility in response to extracellular signals. Our results demonstrate an important role for CRMP-1 in Listeria actin comet tail formation and open the possibility that CRMP-1 controls cell motility by modulating Arp2/3 activation.
Listeria monocytogenes is a bacterial parasite that uses host proteins to assemble an Arp2/3-dependent actin comet tail to power its movement through the host cell. Initiation of comet tail assembly is more efficient in cytosol than it is under defined conditions, indicating that unknown factors contribute to the reaction. We therefore fractionated cytosol and identified CRMP-1 as a factor that facilitates Arp2/3-dependent Listeria actin cloud formation in the presence of Arp2/3 and actin alone. It also scored as an important factor for Listeria actin comet tail formation in brain cytosol. CRMP-1 does not nucleate actin assembly on its own, nor does it directly activate the Arp2/3 complex. Rather, CRMP-1 scored as an auxiliary factor that promoted the ability of Listeria ActA protein to activate the Arp2/3 complex to trigger actin assembly. CRMP-1 is one member of a family of five related proteins that modulate cell motility in response to extracellular signals. Our results demonstrate an important role for CRMP-1 in Listeria actin comet tail formation and open the possibility that CRMP-1 controls cell motility by modulating Arp2/3 activation.
A number of bacterial and viral pathogens use eukaryotic host proteins to assemble an actin cytoskeleton to propel themselves through the host's cytoplasm, a process that helps spread the pathogen from cell to cell (1) . Details of how host components are hijacked to form these pathogen-associated cytoskeletal networks are important for understanding the molecular mechanisms underlying host-pathogen interactions. The relative simplicity of these actin networks also allows detailed dissection of the biochemical mechanisms underlying their assembly and dissection of the molecular mechanisms controlling their morphogenesis (2) . Furthermore, understanding how parasites build an actin cytoskeleton frequently provides new insight in the functioning of the more complicated actin networks that drive eukaryotic cell motility.
The actin comet tail of Listeria monocytogenes (hereafter referred to as Listeria) is the most extensively characterized, physiologically relevant actin network. Listeria propulsion is driven by actin polymerization, which is assembled by frequent, Arp2/3-dependent actin nucleation reactions to form a Listeria actin comet tail (3) . Listeria propulsion and comet tail formation are preceded by the formation of an actin cloud that assembles at the bacterial surface (3) (4) (5) . Arp2/3 and actin alone are sufficient to initiate formation of the actin cloud, but other host factors are necessary for propulsion and formation of the comet tail (2, 3, 5) .
Arp2/3 is a protein complex that nucleates the de novo formation of new actin polymer from monomeric actin subunits (6) . However, Arp2/3 itself is largely inactive, displaying only weak actin nucleation activity on its own (7, 8) . This complex requires the activity of a nucleation-promoting factor to activate the complex to trigger actin assembly (7) (8) (9) (10) (11) (12) . In the case of Listeria, ActA, which is expressed by Listeria on the bacterial surface, recruits and activates the Arp2/3 complex to locally stimulate actin polymerization (3, 7, 13) . Arp2/3 and actin alone are therefore sufficient to form an actin cloud on the surface of Listeria.
Actin cloud formation is more efficient in cytosol than with Arp2/3 and actin alone, implying the existence of unknown cytosolic factors that promote the reaction (3, 5) . In this study, we identified collapsin response mediator protein-1 (CRMP-1) 2 as one factor that enhances Listeria actin cloud assembly and characterized its basic biochemistry.
Experimental Procedures
Plasmids and Protein Purification-Human CRMP-1 was cloned into pET30a. Listeria ActA was a gift from the Mullins lab (14) . Rosetta Escherichia coli cells (EMD Millipore) were used for expressing recombinant His-tagged CRMP-1 and Histagged ActA. Arp2/3 complex was purified from calf thymus as described (3) . Expression of His-tagged CRMP-1 and Histagged ActA was induced at room temperature with 0.2 mM isopropyl-1-thio-␤-D-galactopyranoside for 6 h and then purified according to manufacturer's instructions (Qiagen). In brief, the bacterially expressed His-tagged CRMP-1 was pelleted and lysed with lysozyme in lysis buffer (150 mM NaCl and 50 mM Tris, pH 8.0). For His-tagged ActA, we used denaturing condition, in which 3 M guanidine hydrochloride was added to the lysis buffer. We applied the supernatant to a nickel-nitrilotriacetic acid column. The column was then washed with lysis buffer and eluted with increasing concentrations of imidazole. The final eluted fraction of CRMP-1 was dialyzed against a different buffer according to the experimental need. Final elution of His-tagged ActA was dialyzed into 1 mM EGTA, 50 mM KCl, 1 mM MgCl 2 , 10 mM Tris, or Hepes, pH 8.0. Filamin was purified from chicken gizzard as described previously (15) .
Listeria Preincubation Assay-Listeria actin assembly reactions were performed in perfusion chambers as described previously (5) . Briefly, Listeria absorbed to glass coverslips in perfusion chambers were incubated for 5 min with brain cytosol, column fractions, or recombinant protein at concentrations listed below. Chambers were washed three times with buffer A (1 mM EGTA, 50 mM KCl, 1 mM MgCl 2 , 10 mM Tris, pH 7.8). Chambers were then filled with a solution containing 100 nM Arp2/3 complex and 2 M G-actin labeled with Oregon Green (10% labeled). After 10 min, this solution was washed out of the chamber, and actin cloud and comet tail assembly was imaged with a 20ϫ (NA 0.7) objective attached to a 1,000 ϫ 1,000 charge-coupled device camera (ORCA-ER; Hamamatsu Photonics) on a Zeiss Axio Imager with the Colibri illumination system using the Zeiss acquisition software (Carl Zeiss).
Purification of CRMP-1 from Brain Cytosol-All chromatographic media were purchased from GE Healthcare. 150 grams of frozen bovine calf brain (Animal Technologies, Tyler, TX) was homogenized in 2 volumes of buffer B (20 mM sodium phosphate, pH 7.5, 25 mM NaCl, 2 mM EGTA, 10 mM ␤-mercaptoethanol, and 0.1 mM PMSF). The homogenate was first centrifuged at 15,000 ϫ g for 30 min. The pellet was discarded and the supernatant centrifuged at 100,000 ϫ g for 2 h. The supernatant was applied to a 60-ml DE-52 column equilibrated in buffer A. The flow-through, which contained the activity, was applied to a 70-ml S HP column equilibrated in buffer A. The column was eluted with a 500-ml gradient to 400 mM NaCl in buffer A. Active fractions were pooled, and solid ammonium sulfate was added slowly to a final concentration of 1.25 M. Insoluble material was removed by centrifugation at 20,000 ϫ g for 30 min at 4°C. The supernatant was applied to a 70-ml Phenyl HP column equilibrated in 1.25 M ammonium sulfate in buffer A. The column was eluted with a 1-liter gradient to buffer A. Active fractions were concentrated in a Centricon with a 100-kDa nominal cutoff, and the retentate was applied to a Superdex 200 gel filtration column equilibrated in 20 mM MES, pH 6.5, 100 mM NaCl. Active fractions were pooled, diluted with an equal volume of water, and applied to a Mono S column equilibrated in 20 mM MES, pH 6.5, 20 mM NaCl. The column was eluted with a 25 column volume gradient to 300 mM NaCl in the same buffer.
Mass Spectrometry-Gel slices were destained in 50% acetonitrile ϩ 25 mM ammonium bicarbonate, crushed using a plastic pestle, and dried. The dried gel was suspended in 25 mM ammonium bicarbonate and digested with MSG-Trypsin (G-Biosciences, St. Louis, MO) at a ratio of 1:10 to 1:50 using a CEM Discover microwave digester (Mathews, SC) at 55°C and maximum power of 60 watts for 15 min. Digested peptides were extracted using 50% acetonitrile ϩ 5% formic acid twice and lyophilized. The digested peptides were dissolved in 5% acetonitrile ϩ 0.1% formic acid for LC/MS. LC/MS was performed using a Thermo Dionex Ultimate RSLC3000 operating in nano mode at 300 l/min with a gradient from 0.1% formic acid to 100% acetonitrile ϩ 0.1% formic acid in 120 min. The trap column used was a Thermo Acclaim PepMap 100 (100 m ϫ 2 cm), and the analytical column was a Thermo Acclaim PepMap RSLC (75 m ϫ 15 cm). The Xcalibur raw file was converted by Mascot Distiller into peak lists that were submitted to an inhouse Mascot Server and searched against specific NCBI-NR protein databases.
Immunodepletion of CRMP-1 and Rescue Experiments-Polyclonal rabbit anti-CRMP antibodies were raised against purified recombinant human CRMP-1. The CRMP-1 antise-rum itself was specific and sufficient for all Western blotting procedures. For immunodepletion experiments, however, the antibodies were affinity-purified using recombinant CRMP-1 coupled to Affi-Gel 10 gel according to the manufacturer's instructions (Bio-Rad). The affinity-purified antibodies were coupled to Affi-Gel 10 beads at a ratio of 1 mg of protein to 1 ml of beads. For immunodepletion of CRMP-1 from brain cytosol, 100 l of affinity-purified anti-CRMP-1-antibody-coated beads or beads coupled with non-immune rabbit IgG was added to 200 l of brain cytosol and incubated at 4°C for 1 h with constant tumbling. Beads were then pelleted by centrifugation. The supernatant was diluted 1:3 into buffer A supplemented with 0.2 mM ATP and with additional 62.5 nM Arp2/3 complex and 2 M 25% fluorophore-labeled actin. This mixture was applied to a perfusion chamber, containing L. monocytogenes, for 5 min at room temperature. In rescue experiments, recombinant CRMP was added in the same amount as endogenous CRMP-1 (0.01 mg/ml), which was determined by Western blot, into the perfusion chamber to preincubate with Listeria. Comet tail assembly was analyzed by fluorescence imaging using a 63ϫ objective lens (NA 1.4) under a Hamamatsu camera described above. The number of Listeria with actin tail and the actin tail length were quantified using Fiji software (16) . Depletion of CRMP-1 was confirmed by Western blotting.
Actin Polymerization Assays-Pyrene actin was prepared as described (17) . Actin polymerization was monitored by the increase in fluorescence of pyrenyl-actin with excitation at 365 nm and emission at 410 nm. The reaction contains 2.5 M actin (25% pyrene-labeled), 50 nM Arp2/3, 17.5 nM ActA, and various concentrations of CRMP-1 protein in buffer B (1 mM EGTA, 50 mM KCl, 1 mM MgCl 2 , 10 mM imidazole, pH 7.0) with 2 mM ATP.
Filament Branching Assay-Prepolymerized filaments were first prepared by incubating 2.5 M Alexa Fluor 647-labeled actin (10% labeled) in buffer B for 30 min at room temperature. These filaments were then diluted 10-fold into solutions containing 2.5 M Alexa Fluor 647-labeled G-actin with or without 0.6 M Arp2/3, 0.4 M ActA, and/or 0.125 M CRMP-1, for 10 min. The filaments from this reaction were then diluted 1:50 into Buffer B with 15 mM glucose, 20 g/ml catalase, 100 g/ml glucose oxidase, and 1 mM TROLOX and then immediately applied into the chambers, which had been precoated with 40 g/ml filamin. Filaments were allowed to attach to the chamber for 10 min and then detected by fluorescence imaging using a 63ϫ objective lens as described above.
F-actin Co-sedimentation-Four sets of co-sedimentation experiments were conducted. Two sets used CRMP-1 concentrations of 0.125, 0.25, 0.5, 0.75, and 2.5 M. Two other sets used CRMP-1 concentrations of 0.75, 1.25, 2.5, and 4 M. Actin was provided at a constant 2 M with various concentrations of CRMP-1 in different tubes. Actin was polymerized at 4°C overnight in buffer B and 2 mM ATP in the absence or presence of various concentrations of CRMP-1. The tubes were then centrifuged in a Beckman TLA 100 rotor at 350,000 ϫ g (k factor, 8.1) for 20 min at 4°C to separate supernatant and pellet fractions. The fractions were separated using SDS-PAGE. The gel was stained with Coomassie Blue and analyzed using Fiji software. Curve fitting was done using OriginLab software.
ActA-CRMP Binding Interactions-The affinity of ActA for CRMP-1 was determined using the approach described by Pollard (18) . Recombinant ActA was immobilized onto Affi-Gel 10 gel (Bio-Rad) according to the manufacturer's manual. Briefly, after the Affi-Gel 10 gel was activated, recombinant ActA protein was added to the gel solution containing 50 mM KCl, 1 mM MgCl 2 , and 10 mM Hepes, pH 7.8. ActA was allowed to couple onto the gel overnight at 4°C. The final coupling density was 1.5 mg of ActA per ml of gel. The gel was blocked in casein solution for 30 min and then washed with buffer A before use. The control gel was coated only with casein.
12.5 l of the ActA-coated gel was used to incubate with various concentrations of CRMP-1 to a final volume of 112.5 l. For control reactions, the blank gel was used. After 1 h of incubation at 4°C, the gel was pelleted using centrifugation. The supernatant was carefully separated from the gel, and then separated on SDS-PAGE followed by Western blotting using our custom polyclonal antisera (not affinity-purified) against CRMP-1. HRP-conjugated secondary antibodies (Bio-Rad, catalogue number: 1706515) and chemiluminescence were used to visualize the amount of CRMP-1 in the supernatants by exposing the blots to autoradiography film. Multiple exposures were obtained to ensure that the signals were in the linear range. The amount of CRMP-1 bound to ActA was determined by subtracting the total amount of CRMP-1 in the control condition from the amount of CRMP-1 left in the supernatant. This approach permitted the estimation of binding affinity from the concentration of CRMP-1 required for half-maximal binding to ActA beads. The results from three independent Western blots were analyzed using Fiji software, and the curve was fitted using OriginLab software.
Results

Identification of CRMP-1 as a New Factor for Listeria Actin
Tail Formation-Previous work demonstrated that brain cytosol contains factors that associate with the Listeria cell surface and promote Arp2/3-dependent actin cloud formation (5) . We used a visual assay to score for the unknown factors that promote actin cloud formation (Fig. 1A) . In this assay, Listeria are introduced into a perfusion chamber, where they passively adhere to glass coverslips. Brain cytosol or chromatographic fractions of cytosol are then introduced into the chamber and allowed to incubate for 5 min. No actin assembly occurs under these conditions in this amount of time. The cytosol within the perfusion chamber is washed out with buffer and then replaced with a solution containing pure Arp2/3 and fluorescently labeled actin to initiate actin cloud formation, which is then assessed by fluorescence imaging. Using this assay, we confirmed previous results showing that a greater fraction of Listeria forms actin clouds when the Listeria are preincubated with brain cytosol than when the Listeria are preincubated with buffer alone (5) .
To purify these factors, we used conventional chromatography and the visual assay described above to score column fractions of brain cytosol for the cloud-enhancing activity. Using this approach, we were able to track an activity across several different columns, resulting in the isolation of two polypeptides of ϳ65 kDa that were both identified as CRMP-1 by mass spec-trometry ( Fig. 1B) . Twelve peptides were identified in the upper band, representing 33% coverage of CRMP-1 by mass and 34% coverage by amino acid count. 11 peptides were identified in the lower band, corresponding to 28% coverage of CRMP-1 by mass and 28% coverage by amino acid count (Fig. 1C ). We do not know why the protein runs as a doublet. CRMP proteins are known to be phosphorylated (19 -22) , which could alter the mobility of the protein on SDS gels. However, others have commented that the positively charged C terminus of CRMP family members is highly susceptible to proteolysis (23, 24) . Recombinant CRMP-1 purified from E. coli also runs as a doublet, which is most likely explained by proteolysis as reported by others.
Recombinant CRMP-1 expressed and purified from E. coli also scored in the assay, confirming that we had purified the right factor (Fig. 1D ). Quantification demonstrated that increasing concentrations of CRMP-1 induced a greater fraction of Listeria to form actin clouds. Using an equal concentration of Arp2/3, 80% of Listeria formed a detectable actin cloud when preincubated with 350 nM CRMP-1 as compared with only 15% of Listeria with clouds in the absence of CRMP-1 (Fig.  1E) .
CRMP-1 Contributes to Listeria Actin Comet Tail Formation in Brain Cytosol-To address the importance of CRMP-1 for
Listeria actin tail formation in a complex system, we immunodepleted it from brain cytosol. We were able to deplete 50 -70% of CRMP-1 from the extract (Fig. 1G) . Listeria actin comet tail formation was diminished in cytosol depleted of CRMP-1 but not in mock-depleted controls (Fig. 1, F and H) . Only 46% of Listeria formed a detectable actin signal around the bacteria in depleted cytosol as compared with 90% in mockdepleted controls. Comet tails that did manage to form in CRMP-1-depleted cytosol were shorter than controls (2 m for depleted cytosol and 14 m for mock-depleted controls). These phenotypes could be rescued by adding pure, recombinant CRMP back to the extracts. These results reveal an important role for CRMP-1 in boosting the efficiency and robustness of Listeria actin cloud and comet tail assembly in complex cytosolic extracts.
CRMP-1 Facilitates ActA-mediated Arp2/3-dependent Actin Polymerization-We considered several alternative mechanisms through which CRMP-1 might possibly promote Arp2/ 3-dependent Listeria actin cloud and comet tail formation. CRMP-1 could itself be a novel actin nucleation factor. Alternatively, CRMP-1 could function as a nucleation-promoting factor that directly activates the Arp2/3 complex. Finally, CRMP-1 could act as a coactivator for ActA, which is the only factor expressed by Listeria that is known to activate the Arp2/3 complex (13, (25) (26) (27) (28) . We used pyrene actin polymerization assays along with pure proteins to distinguish among these possibilities. We did not detect any stimulation of actin assembly by CRMP-1 alone ( Fig. 2A) or by CRMP-1 in combination with ActA (Fig. 2B) , nor could we detect any activation of the Arp2/3 complex by CRMP-1 alone (Fig. 2C) . These negative results demonstrate that CRMP-1 is not itself an actin nucleation factor, nor is it a direct activator of the Arp2/3 complex. In contrast, CRMP-1 was able to stimulate ActA-activated, Arp2/3dependent actin polymerization in a dose-dependent manner ( Fig. 2D) . Thus CRMP-1 is a new factor that works in concert with ActA to enhance Arp2/3-dependent actin nucleation.
CRMP-1 Increases Arp2/3-dependent Branching, Binds to F-actin, and Binds to ActA-Arp2/3 produces branched actin filaments, yet not all Arp2/3 activators increase the density of filament branches (6, 29) . To determine whether CRMP-1 increases Arp2/3-dependent branching, we imaged single actin filaments to compare the density of filament branches in the presence of ActA and Arp2/3 alone with that in the presence of added CRMP-1. Our results indicated a greater number of branches in the presence of CRMP-1 than in its absence (Fig. 2,  E and F) .
The purification method that we used to identify CRMP-1 implies that it binds to the Listeria surface. Because ActA is the only factor expressed by Listeria that is known to activate the Arp2/3 complex (13, 25-28), we tested whether CRMP-1 bound to pure ActA using a method described by Pollard (18) . Solutions of CRMP-1 were incubated with ActA-coated beads. The amount of CRMP-1 remaining in solution following incubation with the ActA-coated beads was determined by Western blotting for CRMP-1 as described under "Experimental Procedures." This allowed us to estimate the amount of CRMP-1 bound to the ActA-coated beads and the affinity constant from the amount of CRMP-1 necessary for half-maximal binding. Using this approach, we estimate that CRMP-1 binds to ActA with an affinity of 2.5 M (Fig.  2G ).
Many factors that facilitate Arp2/3-dependent actin nucleation and branching are also able to bind to F-actin (6, 30) . Previous work has shown that CRMP-4, a member of the CRMP family proteins, can bind to F-actin (31) . We used cosedimentation to show that CRMP-1 can also bind F-actin with an apparent affinity of 0.7 M (Fig. 2H ). CRMP-1 is therefore an F-actin-binding protein that is capable of increasing Arp2/3-dependent actin nucleation and Arp2/3-dependent actin filament branching. 
Discussion
We identified CRMP-1 as a factor that promotes Arp2/3-dependent Listeria actin cloud and comet tail formation (Fig. 1) . Although CRMP-1 did not directly nucleate actin assembly or directly activate the Arp2/3 complex, it facilitated that ability of Listeria ActA to activate Arp2/3 to nucleate actin assembly (Fig. 2,  A-D) . Cytosolic extracts depleted of CRMP-1 were less likely to generate Listeria actin clouds and actin comet tails (Fig. 1, F and  G) . CRMP-1 therefore might help explain why Listeria actin cloud-forming activity decreases over the course of purification of Arp2/3 (32) and why Listeria actin cloud formation is more robust in the presence of brain cytosol than with Arp2/3 alone (5) .
Listeria actin comet tail formation has been reconstituted in the absence of CRMP-1 using only seven purified factors (2) . Here we showed that comet tail formation was reduced in brain cytosol depleted of CRMP-1. Auxiliary factors that promote comet tail formation are probably more important in cytosol than under defined conditions because cytosol contains other factors that inhibit actin assembly (33) . Only a small subset of these inhibitory factors is present in the defined reconstitution system and then only at low concentrations.
Our results here showing CRMP-1 binding to F-actin and ActA provide a potential mechanism of how CRMP-1 might contribute to Arp2/3-dependent actin dynamics. Activation of the Arp2/3 complex involves not only association with a nucleation-promoting factor, but also association of Arp2/3 with an existing "mother" filament (6) . ActA serves as the nucleationpromoting factor for Listeria actin comet tail assembly. We found that CRMP-1 binds to both ActA and F-actin. We therefore hypothesize that CRMP-1 promotes actin comet tail formation by helping to recruit the F-actin mother filament to the bacterial surface to position this filament in close proximity to both ActA and Arp2/3. CRMP-1 is a member of the CRMP family, which consists of five related proteins (CRMPs1-5) that are also related to the enzyme dihydropyrimidinase (34 -36) . CRMP proteins are therefore also known as dihydropyrimidinase-like proteins 1-5. The CRMP proteins regulate cell movements in response to extracellular cues such as Semaphorin 3A (37), but they do not hydrolyze pyrimidine (38) . The majority of work on CRMP proteins thus far has focused on CRMP-2 and its ability to modulate microtubule dynamics by binding to tubulin dimers (19, 20, 39, 40) , but evidence has been accumulating that CRMP proteins also regulate the actin cytoskeleton (31, (41) (42) (43) (44) (45) . Our demonstration here that CRMP-1 promotes Arp2/3-dependent assembly of Listeria actin comet tails opens the possibility that CRMP-1 might also contribute to the assembly of Arp2/3dependent actin networks in uninfected cells. If true, CRMP-1 could provide a novel pathway connecting Semaphorin signaling to Arp2/3-dependent actin assembly.
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